A major agonist-regulated capping activity in Dictyostelium is due to the capping protein, cap32/34  by Eddy, Robert J et al.
ELSEVIER Biochimica et Biophysica Acta 1314 (1996) 247-259 
BIOCHIMICA ET BIOPHYSICA ACTA 
A major agonist-regulated capping activity in Dictyostelium is due to the 
capping protein, cap32/34 
Robert J. Eddy, Jinghua Han, Roger A. Sauterer, John S. Condeelis *
Department ofAnatomy and Structural Biology, F628 Albert Einstein College of Medicine, Bronx, NY 10461, USA 
Received 5March 1996; accepted 14 June 1996 
Abstract 
Stimulation of starved Dictyostelium amoebae with the chemoattractant cAMP produces a rapid increase in actin 
nucleation activity at 5 seconds which is cotemporal with an increase in actin assembly and a decrease in Ca2÷-insensitive 
capping activity [1]. Further characterization f this capping activity, called aginactin, led to the isolation of an Hsc70 [2]. 
Here, we demonstrate hat purified aginactin contains both Hsc70 and the heterodimeric barbed-end capping protein, 
cap32/34. Immunoprecipitation of cap32/34 from purified aginactin removes all capping activity while immunoprecipita- 
tion of Hsc70 does not, indicating that the capping activity of aginactin is an intrinsic property of cap32/34. Gel filtration 
and immunoprecipitation assays fail to demonstrate he existence of a stable, high affinity complex between Hsc70 and 
cap32/34 in either lysate supernatants or aginactin pools but indicate the presence of a transient, ATP-sensitive interaction 
in cell lysates. Reconstitution experiments with purified Hsc70 and cap32/34 demonstrate that Hsc70 neither stimulates nor 
inhibits the capping activity of native cap32/34. Furthermore, we measured a Ka of approx. 0.8 nM for the binding of 
cap32/34 to barbed ends of actin filaments in the absence or presence of Hsc70, in agreement with K d values measured for 
purified capping protein from other sources. We conclude, therefore, that cap32/34 is responsible for the capping activity 
called aginactin and that Hsc70 is not a regulatory cofactor for cap32/34 in Dictyostelium but may function as a chaperone 
during assembly of the cap32/34 heterodimer. 
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1. Introduction 
It has been demonstrated that stimulation of Dic- 
tyostelium amoebae with the chemoattractant cAMP 
elicits a transient increase in actin nucleation activity 
and a subsequent increase in F-actin assembly at 5 
seconds post-stimulation. At the same time, a drop in 
* Corresponding author. Fax: + 1 718 4308996; e-mail: con- 
deeli @ aecom.yu.edu. 
the level of Ca2+-independent capping activity from 
supernatants of cell lysates is detected [1]. This sug- 
gests that a global inhibition of capping activity 
results in the dissociation of capping proteins from 
the barbed or preferred ends of actin filaments result- 
ing in an increase in actin nucleation. A capping 
activity with these properties of regulation was iden- 
tified and further characterization f this agonist-reg- 
ulated capping activity, called aginactin, led to the 
purification of a 70 kDa protein [3] which was identi- 
fied as an Hsc70 (70 kDa heat shock cognate protein) 
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based on sequence analysis and biochemical proper- 
ties [2]. Hsc70s are constitutively expressed, cytosolic 
members of the 70 kDa heat shock protein family of 
protein chaperones, and have been implicated in the 
ATP-dependent dissociation of clathrin cages [4]. 
Hsc70s possess a broad specificity in their protein 
substrates and can stabilize nascent polypeptides and 
assist in their proper folding [5,6]. 
During further characterization f aginactin, it was 
observed that polyclonal antibodies raised against 
Hsc70 quantitatively immunoprecipitated heHsc70, 
yet were unable to quantitatively immunoprecipitate 
the capping activity in fractions of purified aginactin. 
This finding raised the possibility that an additional 
component may play a role in the capping activity of 
aginactin. In an unrelated study, Haus and coworkers 
[9] demonstrated that cap32/34 isolated from Dic- 
tyostelium was contaminated with an Hsc70. An un- 
specified amount of Hsc70 could be coprecipitated 
with cap32/34 from cell lysates by monoclonal anti- 
bodies specific for either cap32/34 or Hsc70, sug- 
gesting that these proteins may form a complex in 
vivo. 
Cap32/34 is a member of the heterodimeric a tin 
binding protein family that caps the barbed ends of 
actin filaments and prevents actin monomer addition 
in vitro [7]. The capping activity of cap32/34 is 
Ca2+-independent, and can be inhibited in vitro by 
PIP 2 (phosphatidylinositol 4,5-biphosphate) [8]. An- 
other potential regulatory mechanism for cap32/34 
has been put forth by Hans and coworkers who 
observed that Hsc70 could enhance the capping activ- 
ity of bacterially expressed cap32/34 in reconstitu- 
tion assays [9]. 
Using antibody probes against Hsc70 and 
cap32/34, we have analysed the protein composition 
of aginactin in more detail and found a previously 
undetected amount of cap32/34 that copurifies with 
the Hsc70 associated with aginactin. These results 
have prompted us to determine the nature of the 
copurification of Hsc70 and cap32/34, investigate 
potential interactions between Hsc70 and cap32/34 
and evaluate any potential regulatory effect of Hsc70 
on native cap32/34. Contrary to previous reports 
with recombinant cap32/34 [9], we find that while 
Hsc70 may associate transiently with cap32/34, it 
does not form a stable complex with native cap32/34 
and does not regulate its capping activity. 
2. Methods and materials 
2.1. Protein isolations 
Aginactin was purified from Dictyostelium strain 
AX3 as previously described with the following mod- 
ifications. Aginactin was initially identified as an 
agonist-regulated capping activity that purifies with 
an Hsc70. Approximately 4.8 X 1011 cells were har- 
vested as previously described [3] and starved in PB 
(14.8 mM NaH2PO4, 5.2 mM K2PO4, pH 6.6) at 
1 X 10 7 for 6 h, concentrated to 1 X 108 cells/ml 
and lysed by addition of 1/3 vol of lysis buffer (80 
mM Pipes, pH 7.0, 200 mM NaC1, 20 mM EGTA, 20 
mM DTT, 2% Triton X-100, 10 /zg/ml each of 
leupeptin, chymostatin, pepstatin A, 1 mM PMSF, 
0.5 mM benzamidine-HC1.) The lysate was clarified 
at 20000 rpm for 1 h in a SS34 rotor and the 
supernatant loaded onto a 5 x 15 cm POROS HQ 
anion exchange column (Perceptive Biosystems) 
equilibrated with HQ buffer (20 mM Pipes, pH 7.0, 
50 mM NaC1, lmM DTT, 2 mM EGTA). Bound 
protein was eluted with a 5 column volume linear 
gradient of 50-300 mM NaCI in HQ buffer. The 
aginactin pool from the POROS HQ column was then 
dialysed into HTP buffer A (10 mM Pipes, pH 7.0, 
50 mM NaC1, 2 mM EGTA, 1 mM DTT) and loaded 
onto a 1 X 26 cm hydroxyapatite column (Bio-Rad) 
and aginactin was eluted with a 100 ml linear gradi- 
ent of 0-200 mM potassium phosphate in HTP buffer 
A. The hydroxyapatite pool was then dialysed into 
Mono Q buffer A (10 mM Tris, pH 7.5, 0.5 mM 
DTT, 0.5 mM EGTA), loaded onto a Mono Q HR 
5/5  column (Pharmacia) and the bound protein eluted 
by a 20 ml linear gradient of 100-400 mM NaC1 in 
Mono Q buffer A. Following each chromatographic 
step, the elution position of aginactin was confirmed 
by capping assays and Western blotting for both 
Hsc70 and cap32/34. 
For reconstitution experiments, Hsc70 was sepa- 
rated from cap32/34 by ATP-agarose chromatogra- 
phy as follows. The aginactin pool from the Mono Q 
column was loaded onto a 1 X 7 cm ATP-agarose 
column (Sigma) equilibrated in buffer D (20 mM 
Pipes, pH 7.0, 20 mM NaC1, 0.5 mM EGTA, 1 mM 
DTT, 3 mM MgC12). Flow through fractions contain- 
ing cap32/34, was pooled and the column was se- 
quentially washed with 2 column volumes each of 
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buffer D, buffer D + 0.'75 M NaC1 and buffer D. 
Hsc70 was eluted with buffer D + 3 mM ATP and 
concentrated by vacuum dialysis. The cap32/34 pool 
was then loaded onto a second Mono Q column and 
cap32/34 eluted by a 35 ml linear gradient of 100- 
400 mM NaC1 in Mono Q buffer A. 
2.2. Antibodies 
Affinity purified rabbit polyclonal antibodies were 
prepared against he Hsc'70 that copurified with agin- 
actin from Dictyostelium aspreviously described ([3]. 
A guinea pig antibody was prepared against the 
purified Hsc70 associated with aginactin as described 
above. The guinea pig Hsc70 antibody recognized a 
single band at 70 kDa on Western blots of AX3 
whole cells and purified Hsc70. Densitometric s ans 
of Western blots using the guinea pig Hsc70 antibody 
yielded results identical to the rabbit Hsc70 antibody. 
Rabbit polyclonal antisera raised against cap32/34 
were a generous gift from Dr. John Cooper and 
Christopher Hug. GST (glutathione S-transferase) and 
maltose-binding protein (MBP) fusion proteins were 
constructed for each cap32/34 subunit and used as 
the immunogen as previously described [10]. 
Cap32/34 antisera were affinity purified against 
GST-cap32 or GST-cap34 subunit. Plasmids used for 
bacterial expression of GST-cap32 and GST-cap34 
subunits were a generous gift from Dr. John Cooper 
and Christopher Hug. 
and incubated with anti-Hsc70 as described above. 
The amounts of Hsc70 and cap32/34 in the immuno- 
precipitation pellet was quantitated by Western blot- 
ting with anti-Hsc70 or anti-cap32 subunit followed 
by densitometry of autoradiographs. 
2.4. Actin polymerization assay 
Actin polymerization was monitored by the in- 
crease in fluorescence of pyrene-labelled actin as 
described [1]. To assay capping activity during pro- 
tein isolations, 2 /xM G-actin (30-50% pyrene- 
labelled) was polymerized in APA buffer (10 mM 
Pipes, pH 7, 50 mM KC1, 0.1 mM MgCI2, 2.5 mM 
EGTA, 0.5 mM ATP and 1 mM DTT) containing 
aginactin by the addition of 0.5 /zM sheared F-actin 
seeds. 
For reconstitution experiments, cap32/34 and 
Hsc70 were incubated at 22°C for 3 minutes in H 
buffer (2 mM TRIS, pH 7.6, 150 mM KC1, 2 mM 
MgC12, 0.2 mM ATP, 0.2 mM CaC12, 0.5 mM DTT, 
0.01% sodium azide) [9] or H buffer minus ATP. 2 
/zM 10% pyrene-labelled G-actin was then allowed 
to polymerized with the cap32/34-Hsc70 mixture 
under the following buffer conditions: (1) APA buffer, 
(2) H buffer, or (3) P buffer (10 mM Pipes, pH 7, 20 
mM NaHzPO4, 2 mM MgClz, 2.5 mM EGTA, 1 
mM DTT). Polymerization was initiated by the addi- 
tion of 0.5 /xM sheared F-actin seeds and the pyrene 
flourescence monitored for 10 min. 
2.3. Immunoprecipitation 2.5. Analytical gel filtration chromatography 
Fractions containing aginactin were incubated with 
a 5-fold molar excess of rabbit anti-Hsc70, anti-cap32 
subunit or control rabbit IgG (Sigma) in IP buffer (20 
mM Pipes, pH 7, 35 mM KC1, 2.5 mM EGTA, 0.1% 
ovalbumin and 0.02% sodium azide) for 2 h at 4°C 
with rotation. Protein A-sepharose swelled in IP buffer 
was added and incubated for 2 h, spun down for 1 
min at 8700 × g and the supernatant removed. The 
pellet was washed 3 X 5 min with IP buffer and 
resuspended in 1 × SDS-PAGE sample buffer. 
For immunoprecipitation from whole cell lysate 
supernatants, AX3 cells were lysed in 1 × TBS, pH 
8, 1% Triton X-100, 1 /zg/ml each of chymostatin, 
leupeptin, pepstatin and centrifuged at95 000 rpm for 
10 rain in a TL-100 rotor, the supernatant recovered 
For analysis of cell lysates, 1 X 10 7 AX3 cells/ml 
were starved for 6 h, caffeine-treated, concentrated to 
1 × 10 9 cells/ml in PB and lysed by forced passage 
through a 3 /zm Nucleopore filter (Millipore) into S 
buffer (20 mM Pipes, pH 7.0, 100 mM KC1, 2 mM 
EGTA, 1 mM DTT, 3 mM MgC12) plus 5 /zg/ml 
each of leupeptin, chymostatin and pepstatin A. The 
lysate was clarified at 95000 rpm for 10 min in a 
TL-100 rotor. 3 mM ATP or 3 mM ADP was added 
to the supernatants and incubated at 22°C for 30 min. 
The supernatants were then loaded onto a HR 10/30 
Superose 6 column (Pharmacia) connected to a FPLC 
system (Pharmacia) equilibrated with buffer S. Chro- 
matography was performed at 0.2 ml/min and the 
500-600 kDa peak of cap32/34 eluted within 67 
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minutes after loading. For HPLC gel filtration, sam- 
ples were incubated with either 3 mM ATP, 3 mM 
MgC12 or 3 mM ADP, 3 mM MgC12 for 30 min and 
loaded onto a G3000SWxL column, 7.8 mm × 30 cm 
(TosoHaas), equilibrated with 5 mM NaPO 4, pH 7.0, 
100 mM KC1, 0.5 mM MgC12. Chromatography was 
performed at 0.5 ml /min and the fraction corre- 
sponding to 500-600 kDa region eluted within 12 
min after loading. Amounts of Hsc70 and cap32/34 
in each fraction was determined by Western blotting 
followed by densitometry of autoradiograms and nor- 
malized for total amount of protein. 
staining was observed upon concentration of the agi- 
nactin pool. Although conventional silver stain proce- 
dures [25] also poorly stained cap32/34 in aginactin 
pools, an enhanced silver staining procedure, Silver 
Stain Plus (Bio-Rad) derived from method of [12], 
yielded adequate staining of cap32/34. Concentra- 
tions of cap32/34 and Hsc70 were determined by 
comparison of the scanned density of the protein 
band on a SDS-polyacrylamide gel stained with 
Coomassie Blue or enhanced silver stain to a serial 
dilution of Dictyostelium actin standards. 
2.6. Protein analysis 
SDS-polyacrylamide g l electrophoresis was per- 
formed as described [11]. For Western blotting, pro- 
teins were transferred to 0.2 /xm nitrocellose mem- 
brane (Schleicher and Schuell). The membranes were 
blocked for 1 h, incubated with primary antibody for 
1 h, washed extensively, incubated with ~25I-protein 
A (ICN) for 1 h, washed extensively and exposed for 
autoradiography using X-Omat AR film (Kodak) at 
-70°C. All procedures were carried out in 1 × TBS, 
pH 7.6, 1% nonfat dry milk, 0.02% sodium azide. 
Densitometry analysis of Coomassie Blue stained 
SDS-polyacrylamide g ls and autoradiograms were 
performed on a Molecular Dynamics computing den- 
sitometer equipped with ImageQuant software, ver- 
sion 3.3. 
We observed poor staining of cap32/34 in puri- 
fied aginactin pools with Coomassie Blue, however, 
3. Results  
During further characterization f the barbed end 
capping activity called aginactin, evidence was gath- 
ered which was inconsistent with an Hsc70 being 
responsible for this capping activity. That is, incuba- 
tion of purified aginactin with a 5-fold molar excess 
of a rabbit affinity purified polyclonal antibody raised 
against he Hsc70 immunoprecipitated 50.3% of the 
Hsc70, yet only removed 3% of the capping activity 
from the immunoprecipitation supernatant relative to 
control (Table 1). This inability of antibodies pecific 
for the Hsc70 to quantitatively immunoprecipitate 
capping activity from purified aginactin suggested 
that an additional unidentified component was re- 
sponsible for the capping activity. 
Table 1 
Immunopreciptation of Hsc70 and cap32/34 
control IgG anti-cap32 anti-Hsc70 
A. Immunopreciptation fr m aginactin pools 
% cap32/34 pelleted 11.0 
% Hsc70 pelleted 13.2 
% capping activity pelleted relative to control 0 
B. Immunoprecipitation fr m lysate supernatants 
% cap32/34 pelleted 3.3 
% Hsc70 pelleted 2.2 
C. Immunopreciptation fr m the 500-600 kDa Superose 6 fraction 
% cap32/34 pelleted 2.4 
% Hsc70 pelleted 3.0 
98.0 17.9 
15.8 50.3 
90.6 3.0 
98.0 3.4 
3.2 51.0 
98.3 1.0 
17.2 68.8 
Immunopreciptation of aginactin pools, lysate supernatants, and the 500-600 kDa Superose 6 fraction with control antisera, nti-Hsc70 
and anti-cap32 
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3.1. Hsc70 and cap32/3,4 copurifiy with aginactin 
Coomassie Blue staining (Fig. 1, lane 1) reveals 
that an Hsc70 is the predominant band associated 
with purified aginactin. However, the observations of
Haus and coworkers [9] that an Hsc70 was a chronic 
contaminant during the purification of cap32/34, 
coupled with our failure; to immunoprecipitate the 
capping activity with antibodies raised against Hsc70 
suggested that cap32/34., at a concentration below 
the level of detection by Coomassie Blue staining or 
conventional silver staining, may be the additional 
component responsible for the capping activity. 
Western blots of aginactin pools were probed with 
polyclonal antibodies against cap32/34. In addition 
to the presence of Hsc70 (Fig. 1, lane 2), blots were 
also found to stain positively with polyclonal antibod- 
ies against both the cap32 and cap34 subunits (Fig. 1, 
lane 3, 4). The presence of cap32/34 and Hsc70 in 
aginactin was also observed with variations in the 
aginactin isolation protocol such as the use of a 
phenyl-sepharose hydrophobic interaction column 
following the HQ anion ,exchange column. 
Densitometric analysi,; of Western blots of whole 
cells probed with antibodies against Hsc70 and 
1 2 3 4 
m 
B 1911111~IW 
%7!!i ~(( J ? i l  i ~ 
Fig. 1. Aginactin pools contain Hsc70 and cap32/34. Lane 1, 
Aginactin stained with Coornassie Blue; Lane 2, The aginactin 
pool probed with a polyclonal anti-Hsc70; Lane 3, polyclonal 
anti-cap34 subunit; Lane 4, polyclonal anti-cap32 subunit. Mol 
wt. markers of 200, 116.3, 92.5, 66.2, 45 and 31 kDa are 
indicated by the tick marks. 
cap32/34 demonstrate an approximate 2:1 molar ra- 
tio of Hsc70 to cap32/34 in AX3 cells. 
3.2. Gel filtration analysis of interactions between 
Hsc70 and cap32/34 
To investigate whether the copurification of Hsc70 
and cap32/34 is coincidental or indicative of an 
interaction between of these proteins in vivo, freshly 
prepared high speed lysate supernatants were anal- 
ysed by gel filtration chromatography. The majority 
of cap32/34 eluted at its predicted mol wt. of 66 
kDa; however, a small fraction of cap32/34 also 
eluted at a tool wt. of approximately 500-600 kDa 
(Fig. 2A, closed squares) and within the fractionation 
range of the column (V 0 = 1 × 10 6 kDa). This high 
mol wt. peak of cap32/34 accounted for 13.2-15.7% 
of total cap32/34 based on scanning densitometry. 
Hsc70 eluted at its predicted tool wt. for a monomer 
(Fig. 2A, open squares) and also eluted in the 500- 
600 kDa region. 
Capping assays performed on the column fraction 
revealed two distinct peaks of Ca2+-independent cap- 
ping activity (Fig. 2A, closed triangles), a peak cen- 
tered at 66 kDa which corresponded to free cap32/34 
and a peak which coeluted with the 500-600 kDa 
peak of Hsc70 and cap32/34. In order for Hsc70 and 
cap32/34 to form a complex strong enough to elute 
in the 500-600 kDa peak, the K d of interaction 
between both proteins would have to be less than 50 
nM based on Hsc70 and cap32/34 concentrations in 
the high speed lysate supernatant. These data suggest 
that the 500-600 kDa peak may represent a native 
complex between Hsc70 and cap32/34 and that this 
peak of cap32/34 possesses capping activity. 
To determine if the potential interaction between 
Hsc70 and cap32/34 in the 500-600 kDa peak is 
inhibited by ATP but not ADP, as demonstrated for 
the interaction of other Hsc70s with substrates such 
as clathrin [15] and RCMLA peptides [13,14], high 
speed lysate supernatants were incubated with either 
Mg2+-ATP or Mg2+-ADP and analysed by Superose 
6 gel filtration chromatography (Fig. 2B), Following 
incubation with Mg2+-ATP, the percent of total 
cap32/34 found in the 500-600 kDa peak was re- 
duced by 54.1%, while the percent total Hsc70 in the 
500-600 kDa peak was reduced by 55.6%, as com- 
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pared with Mg2+-ADP. These data suggest hat elu- 
tion of Hsc70 and cap32/34 in the 500-600 kDa 
peak involves an interaction between these proteins 
that is differentially sensitive to adenine nucleotides. 
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Previous studies have demonstrated that incubation 
of Hsc70 with Mg2+-ADP induced the formation of 
Hsc70 dimers and other oligomeric forms, while 
Mg2÷-ATP stabilized the Hsc70 monomer and sug- 
gested that the ADP bound form of Hsc70 favors 
interaction with substrate proteins [15,13]. To deter- 
mine whether the Mg2÷-ATP-induced ecrease in 
Hsc70 eluting in the 500-600 kDa peak was due to 
monomerization f an Hsc70 oligomer, Hsc70 puri- 
fied from aginactin was incubated with Mg2+-ATP or 
Mg2÷-ADP and analysed by HPLC gel filtration 
chromatography (Fig. 3A). Mg2÷-ADP caused a 
40.5% reduction in Hsc70 eluting at 70 kDa region 
and an increased elution of Hsc70 in the high tool wt. 
region, while MgZ+-ATP shifted Hsc70 into the 70 
kDa region and decreased elution of Hsc70 in the 
high mol wt. region. This behavior was identical to 
that obtained with total Hsc70 isolated from AX3 cell 
lysates by conventional methods [16]. These results 
suggest hat the Hsc70 associated with aginactin is 
competent to undergo reversible adenine nucleotide- 
regulated oligomerization, a characteristic of all 
Hsc70s yet described. Therefore, the Hsc70 that 
coelutes in the 500-600 kDa peak of cap32/34 in 
lysate supernatants may represent an oligomer of 
Hsc70. 
Fig. 2. Elution of Hsc70 and cap32/34 following analytical gel 
filtration chomatography of high speed lysate supernatants. AX3 
cells were mechanically lysed and the high speed lysate super- 
natant loaded onto a Superose 6 gel filtration column. The elution 
positions of the V o and mol wt. standard proteins are indicated; 
66 kDa, bovine serum albumin, 150 kDa, alcohol dehydrogenase, 
200 kDa, /3-amylase, 443 kDa, apoferritin, 669 kDa, thyro- 
globulin. Individual fractions were western blotted for Hsc70 and 
cap32/34 and quantitated by densitometry and plotted as % total 
protein. (A) Elution of capping activity determined by the 
pyrene-labelled actin polymerization assay. The capping activity 
scale shown saturates at90% and is not linear. The specific 
activity of these fractions could not be determined relative to the 
cap32/34 content due to the possible contamination with other 
Ca2+-independent capping activities. Hsc70 (open squares); 
cap32/34 (closed squares); %capping activity (closed triangles). 
B. Effect of adenine nucleotides onelution of cap32/34. High 
speed lysate supernatants were incubated with either 3 mM 
Mg2÷-ATP or Mg2+-ADP prior to loading on a Superose 6 gel 
filtration column. Hsc70 (closed squares) and cap32/34 (closed 
circles). Elution profiles are representative of three separate 
experiments. 
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In order to test for complex formation in the 
purified aginactin pool, a 2:1 molar ratio of Hsc70 to 
cap32/34 at approx. 0.2 /zM, a concentration of 
cap32//34 similar to that found in lysate supernatants, 
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was incubated with either Mg2+-ATP or Mg2+-ADP 
under conditions that induce monomerization or 
oligomerization of Hsc70, respectively. Incubation 
with Mg2+-ADP produced the characteristic shift 
from Hsc70 monomer to oligomeric form as shown 
in Fig. 3A, however, the elution position of cap32//34 
remained unchanged (Fig. 3B). Therefore, under con- 
ditions favorable for Hsc70 oligomerization, 
cap32/34 in aginactin pools was unable to associate 
with the Hsc70 oligomer at the expected mol wt. of 
500-600 kDa and eluted solely at 70 kDa. These data 
suggest that while Hsc70 and cap32//34 may form a 
transient complex in freshly prepared lysates, Hsc70 
and cap32/34 contained in aginactin pools do not 
form a complex. 
3.3. Immunoprecipitation with antibodies against 
Hsc70 and cap32 i/34 
Since antibodies specific for Hsc70 failed to quan- 
titatively immunoprecipitate capping activity from 
aginactin pools, polyclonal antisera gainst he cap32 
subunit were used in immunoprecipitation experi- 
ments to determine if cap32/34 was responsible for 
the capping activity called aginactin (Table 1A). Im- 
munoprecipitation with cap32 antibodies was highly 
O3 
03 
O 
o 
B 
50. 
40. 
30. 
20. 
10. 
0. 
--I-- Mg2+-ATP 
- -• -  Mg2+'ADP I 
/ 
II1-1 - I - I I1-1-• - I  - I I -  I1-111-11 - I  - I~  
' ' ' $ ' & ' 1'0' 1'2' 1'4' 1'6'  1'8'  2 '0 '  2 '2 '  
fraction 
Fig. 3. Incubation of Hsc70 and cap32//34 with Mg2+-ADP does 
not cause formation of a complex. A. Oligomerization f Hsc70. 
Hsc70 was purified from aginactin by ATP-agarose chromatogra- 
phy, incubated with 1 mM Mg2+-ATP (dashed line) or 1 mM 
Mg2+-ADP (solid line) and injected onto a TSK SW3000xL 
HPLC gel filtration column. The elution of Hsc70 was monitored 
at 215 nm. Mol wt. standard proteins are indicated; 66 kDa, 
bovine serum albumin, 150 kDa, catalase, 200 kDa, /3-amylase. 
The composition of the 70 kDa and high mol wt. absorbance 
peak were confirmed to be exclusively Hsc70 based on silver 
staining and western blotting of column fractions. (B) Effect of 
adenine nucleotides on the elution of cap32/34 in an aginactin 
pool containing an approximate 2:1 molar ratio of Hsc70 to 
cap32//34. Aginactin pool was incubated with 1 mM Mg2+-ATP 
(closed squares) or 1 mM Mg2+-ADP (closed circles) and in- 
jected onto a TSK SW3000XL HPLC gel filtration column. 
Individual fractions were western blotted for cap32//34, quanti- 
tated by densitometry and plotted as % total. The elution posi- 
tions of the mol wt. standard proteins are indicated; 66 kDa, 
bovine serum albumin, 150 kDa, alcohol dehydrogenase, 200 
kDa, /3-amylase, 443 kDa, apoferritin, 669 kDa, thyroglobulin. 
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Fig. 4. Measurement of the apparent K d of native cap32/34 for 
F-actin. Cap32/34 was separated from Hsc70 as described in 
Methods and Materials. Quantitaive western blots of final 
cap32/34 pool confirmed that the contaminating Hsc70 was 
reduced by 91.4%• A. A 50% inhibition of the initial rate of actin 
polymerization was measured at 0.76_+ 0.04 nM cap32/34 in the 
absence of Hsc70. B. An apparent K d of 0.8 +0.04 nM for 
cap32/34 binding to F-actin was calculated according to method 
of Walsh et al. [17] from the shift in critical concentration in the 
presence of cap32/34. 
efficient in quantitatively immunoprecipiting the 
cap32/34 heterodimer from aginactin pools (98% 
pelleted). The amount of capping activity in the 
supernatant following immunoprecipitation with 
cap32 subunit antibodies was reduced by 90.6%, 
whereas the capping activity in the supernatant fol- 
lowing immunoprecipitation with Hsc70 antibodies 
was similar to control IgG levels. These results 
demonstrate that the capping activity in these frac- 
tions is intrinsic to cap32/34 and not Hsc70. 
No significant coprecipitation of Hsc70 and 
cap32/34 over control IgG levels was observed when 
either cap32/34 or Hsc70 was immunoprecipitated 
from aginactin pools (Table 1A). Immunoprecipita- 
tion experiments performed on high speed cell lysate 
supernatants with either anti-cap32 subunit or anti- 
Hsc70 also did not demonstrate any significant copre- 
cipitation of either Hsc70 or cap32/34 (Table 1B). In 
addition, immunoprecipitation of high speed lysate 
supernatants with a guinea pig polyclonal anti-Hsc70 
immunoprecipitated 74.2% of the Hsc70, but failed to 
coprecipitate any cap32/34 over control non-immune 
guinea pig antisera (data not shown). 
However, immunoprecipitation of cap32/34 from 
the 500-600 kDa Superose 6 column peak fraction 
which contained both Hsc70 and cap32/34 resulted 
in coprecipitation of 17.2% of the Hsc70, 5.7 fold 
over control IgG (Table 1C). Coprecipitation of Hsc70 
from the 500-600 kDa fraction with antibodies 
against cap32/34 suggests that an interaction be- 
tween Hsc70 and cap32/34 results in a transient 
complex that is enriched in the 500-600 kDa fraction 
of freshly prepared cell lysate supernatants. 
3.4. Native cap32/34 posseses a high affinity for 
F-actin in the absence of Hsc70 
Although we were unable to detect any stable, 
high affinity interaction between Hsc70 and cap32/34 
in aginactin pools, the possibility remained that Hsc70 
may be playing a role in the regulation of the capping 
activity of cap32/34. To address this possibility, the 
affinity of cap32/34 for barbed ends in the absence 
of Hsc70 was determined and compared to that of 
aginactin pools containing a 2:1 molar ratio of Hsc70 
and cap32/34. Hsc70 and cap32/34 in aginactin 
pools were first separated from one another by ATP- 
agarose chromatography. The initial rate of actin 
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polymerization was strongly inhibited by cap32/34 
in the absence of Hsc70 (Fig. 4A). At steady state, 
cap32/34 shifted the apparent critical concentration 
of actin. This shift was used to calculate the K d for 
binding of cap32/34 to F-actin by the method of 
[17]. This method requires that only the ratio of 
capped to total barbed ends be calculated from the 
shift in critical concentration of actin by cap32/34 
and does not require actual measurement of the con- 
centration of barbed filament ends. From Fig. 4B, the 
K d was calculated as 0.8 +_ 0.04 nM. The K d value 
measured by this method for cap32/34 isolated from 
aginactin pools is in good agreement with previously 
measured K d values of 0.5-1 nM for capping pro- 
tein isolated from chicken skeletal muscle [21] or 
Acanthamoeba [23], suggesting that the affinity of 
cap32/34 for the barbed ends is not affected by the 
removal of Hsc70. 
3.5. The effect of Hsc70 on the capping activity of 
native cap32 / 34 
To investigate any potential regulatory effects of 
Hsc70 on the capping activity of cap32/34 more 
directly, Hsc70 and cap32/34 in aginactin pools 
were first separated from one another as described for 
Fig. 4A and then purified. Purified cap32/34 was 
then incubated with various concentrations of the 
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Fig. 5. A-D. The effect of Hsc70 on the activity of native cap32/34. Pyrene-labeled actin polymerization assay. Data represent the mean 
polymerization rate determined at10 min after initiation of polymerization. Error bars represent the maximum and minimum rate for 2 
experiments. Panel A: Polymerization in H buffer following incubation i H buffer of (1) H buffer alone; (2) 8 nM cap32/34; (3) 8 nM 
cap32/34 and 0.5 ~M Hsc70; (4) 8 nM cap32/34 and 1 /zM Hsc70; (5) 8 nM cap32/34 and 1.5 ~M Hsc70; (6) 8 nM cap32/34 and 2 
~M Hsc70; (7) 8 nM cap32/34 and 4/xM Hsc70. Panel B: Polymerization in H buffer following incubation of (1) 1 /zM Hsc70; (2) 2 
k~M Hsc70; (3) 4/xM Hsc70. Panel C: Polymerization in ATP-depleted H buffer following incubation of (1) ATP-minus H buffer alone; 
(2) 8 nM cap32/34; (3) 8 nM cap32/34 and 1 /xM Hsc70; (4) 8 nM cap32/34 and 2 /zM Hsc70; (5) 8 nM cap32/34 and 4/xM Hsc70. 
Panel D: Polymerization in P buffer following incubation i ATP-minus H buffer of (1) H buffer alone; (2) 8 nM cap32/34; (3) 8 nM 
cap32/34 and l /xM Hsc70; (4) 8 nM cap32/34 and 2 ~M Hsc70; (5) 8 nM cap32/34 and 4 txM Hsc70. 
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Hsc70 isoform purified from aginactin and capping 
activity measured under several buffer conditions 
(Fig. 5). The Hsc70 associated with aginactin shows 
the highest identity (72%) to cytosolic isoforms of 
Hsc70 and less identity with mitochondrial or endo- 
plasmic reticulum Hsc70 isoforms (58.6% and 
48.6%), respectively [2]. Quantitative Western blot- 
ting demonstrates that expression of the Hsc70 asso- 
ciated with aginactin is not significantly induced 
following temperature shift of AX3 cells from 22°C 
to 30°C (data not shown). These data indicate that the 
Hsc70 associated with aginactin and used in these 
reconstitution experiments (Fig. 5) is a constitutively 
expressed, cytosolic isoform and therefore, resides in 
the cytoplasm with cap32/34. 
We first attempted to combine Hsc70 and 
cap32/34 under assay buffer conditions used by 
Haus and coworkers [9] where they reported a 2- to 
10-fold enhancement of the capping activity of re- 
combinant cap32/34 by Hsc70 in a dose dependent 
manner. Under these assay buffer conditions (H 
buffer), cap32/34 was incubated with buffer or Hsc70 
and then diluted, yielding a 50% inhibition in the rate 
of actin polymerization as measured by the pyrene- 
labeled actin assay. Over a concentration range of 
0.5-4 /zM Hsc70, no detectable nhancement or
inhibition of capping activity was observed (Fig. 5A). 
Previous studies have demonstrated that the ADP 
bound form of Hsc70 has a higher affinity for sub- 
strate proteins uch as clathrin and the rate of ADP 
release following ATP hydrolysis is slowed by inor- 
ganic phosphate [18]. In order to enrich for the ADP 
form of Hsc70, two additional assay buffer conditions 
were used: (1) ATP-depleted APA buffer containing 
a final ATP concentration of 0.02 /zM (conditions 
under which a maximum of 2.5% of Hsc70 is bound 
to ATP) [18]) and (2) P buffer containing 20 mM 
NaH2PO 4 (conditions which favor the accumulation 
of the ADP-PO 4 form of Hsc70). Incubation of Hsc70 
over a concentration range of 1-4 #M with cap32/34 
under these buffer conditions also showed no de- 
tectable enhancement of the capping activity (Fig. 
5C,D). Rates of actin polymerization were higher in 
the presence of 20 mM NaH2PO 4 than in H buffer, 
possibly due to binding of phosphate to ADP bound 
G-actin, thereby decreasing the k- for the barbed end 
to that of ATP bound G-actin [19]) (Fig. 5D). As a 
control, 1-4 ~M Hsc70 alone in H-APA buffer with 
ATP showed no detectable capping activity (Fig. 5 
B). These results indicate that in aginactin pools, 
Hsc70 has no effect on the capping activity of native 
cap32/34 under assay conditions favorable for the 
interaction of Hsc70 with substrate and confirm that 
the capping activity called aginactin is due to 
cap32/34 and not Hsc70. 
4. Discussion 
4.1. Cap32/34 is responsible for the capping activ- 
ity called aginactin 
The inability of antibodies against Hsc70 to quanti- 
tatively immunoprecipitate th Ca 2 +-independent, ag- 
onist-regulated, barbed-end capping activity from agi- 
nactin pools led to the identification of cap32/34 as 
an additional component of these pools. Cap32/34 is 
a cae+-independent he erodimeric, barbed-end cap- 
ping protein with homology to other members of 
heterdimeric capping protein family [20] including 
capZ from skeletal muscle [21,22] and capping pro- 
tein from Acanthamoeba [23]. The coelution of HscT0 
and cap32/34 during chromatography as been ob- 
served previously by Haus and coworkers [9] where 
Hsc70 was found to be a chronic contaminant during 
the isolation of cap32/34. 
We observed that immunoprecipitation with anti- 
bodies raised against he cap32 subunit quantitatively 
precipitated the capping activity called aginactin. 
Since antibodies raised against the Hsc70 do not 
quantitatively remove the capping activity and Hsc70 
possessed no capping activity in actin polymerization 
assays, we conclude that cap32/34, not Hsc70, is 
responsible for this capping activity. Therefore, the 
term aginactin, used to specify a unique agonist-regu- 
lated barbed-end capping activity, should be dropped. 
4.2. Evidence against a stable interaction between 
Hsc70 and native cap32/34 
To explore whether the copurification of Hsc70 
and cap32/34 is coincidental or functionally signifi- 
cant, the elution of cap32/34 from lysate super° 
natants by Superose 6 analytical gel filtration was 
characterized. While the majority of each protein 
eluted as free cap32/34 and free Hsc70 monomer, a 
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small fraction of cap32/34 and Hsc70 coeluted as a 
high mol wt. peak of 500-600 kDa. The 500-600 
kDa peak of cap32/34 possessed Ca2+-independent 
capping activity and was significantly reduced by 
Mg2+-ATP, suggesting that an ATP-sensitive interac- 
tion occurs between cap32/34 and Hsc70 in the 
500-600 kDa peak of fre, shly prepared cell lysates. 
However, we were unable to coprecipitate 
cap32/34 with two different polyclonal antibodies 
against Hsc70 or coprecipitate Hsc70 with antibodies 
against he cap32 subunit in either aginactin pools 
containing an approximate 2:1 molar ratio of Hsc70 
to cap32/34 or whole cell lysate supernatants. We 
were successful in coprecipitating a significant 
amount over control of HscT0 with cap32 subunit 
antibodies from the 500.-600 kDa Superose 6 frac- 
tion. Demonstration f a ,complex between HscT0 and 
cap32/34 in the 500-600 kDa fraction may have 
been facilitated by removal of the large background 
of free HscT0 and cap32/34 in lysate supernatants by
gel filtration. The lack of coprecipitation f cap32/34 
and Hsc70 with Hsc70 antibodies in the 500-600 
kDa fraction may be due to inaccessibility of Hsc70 
epitopes for this antibody in the Hsc70:cap32/34 
complex. 
Although these results do not support a stable 
interaction between HscT0 and cap32/34, these pro- 
teins may form a transient association in cells and 
cell lysates, such as in the 500-600 kDa peak. The 
existence of an interaction between HscT0 and native 
cap32/34 in cell lysates is supported by [9] who 
demonstrated coprecipitation of Hsc70 from cell 
lysates with monoclonal antibodies against both sub- 
units of cap32/34. 
4.3. Hsc70 does not alter the apparent K d for bind- 
ing of cap32 / 34 to F-actin 
Although no evidence of a direct physical interac- 
tion between Hsc70 and cap32/34 in aginactin pools 
was detected, we inve,;tigated whether Hsc70 and 
cap32/34 cooperate in the regulation of capping of 
barbed filament ends. We measured the K d for bind- 
ing to F-actin of native cap32/34 in vitro in the 
absence of Hsc70 and calculated an average K d of 
0.8 nM, which is in good agreement with K d values 
of 0.5-1 nM as measured in vitro for muscle capping 
protein [24] and Acanthamoeba c pping protein [23], 
suggesting that cap32/34 isolated from aginactin is 
fully active. Furthermore, the apparent K d for bind- 
ing of the active component in aginactin to F-actin is 
approx. 2.7 nM when estimated from previous mea- 
surements of the specific capping activity of agin- 
actin [3]). Since this K d was measured relative to the 
mass of the total protein in aginactin and 30% of this 
value is due to cap32/34, the K d for cap32/34 in 
aginactin is 0.9 nM, in good agreement with the K d 
of 0.8 nM measured for purified cap32/34. These 
measurements suggest hat Hsc70 neither stimulates 
nor inhibits the capping activity of native cap32/34. 
4.4. Hsc70 does not stimulate the capping activity of 
native cap32 / 34 
Another approach to address the possibilty that 
Hsc70 may be acting as a regulatory cofactor of 
cap32/34 in aginactin pools was to separate Hsc70 
and cap32/34 from one another by ATP-agarose 
chromatography and reconstitute Hsc70 with Hsc70- 
free cap32/34. The HscT0 isoform used in these 
experiments was the same cytosolic isoform that 
copurifies with cap32/34 and, therefore, is the ap- 
propriate isoform for use in these experiments. Under 
various buffer conditions that should promote binding 
of HscT0 to its substrate, no change in the level of 
capping activity, either stimulation or inhibition, was 
detected by the pyrene actin assay in the presence of 
a broad concentration range of purified HscT0. In a 
related study, Schafer and coworkers also did not 
detect any regulation in the capping activity of verte- 
brate capping protein by Hsc70 [26]. These results are 
inconsistent with the stimulatory effect of Hsc70 on 
recombinant cap32/34 isolated from E. coli by urea 
solubilization as reported by [9]. 
Furthermore, the concentration of recombinant 
cap32/34 required to yield a 50% reduction in the 
polymerization rate in the pyrene actin assay as re- 
ported by [9] is approx. 200-fold higher than native 
cap32/34 purified from aginactin based our K d value 
of 0.8 nM. Considering this discrepency between the 
activities of recombinant cap32/34 and the native 
cap32/34 described here, our results suggest that the 
recombinant cap32/34 used by [9] was not fully 
active. Therefore, in experiments with recombinant 
cap32/34, Hsc70 may have acted as a protein chap- 
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erone to aid in the refolding of denatured recombi- 
nant cap32/34 to a more active form. 
4.5. Conclusions 
Although we were unable to demonstrate a stable 
physical or functional interaction between Hsc70 and 
cap32/34 in aginactin pools that could explain their 
copurification, tight, transient interactions between 
these proteins during the isolation could not be ex- 
cluded. The adenine nucleotide-sensitive co lution of 
Hsc70 and cap32/34 as a high mol wt. peak follow- 
ing gel filtration of lysate supernatants may represent 
such a tight, yet transient interaction. These interac- 
tions would be expected to be transient if their forma- 
tion is regulated by the hydrolysis of ATP by Hsc70. 
Therefore, the existence of a tight, yet transient com- 
plex between cap32/34 and an oligomer of Hsc70 is 
consistent with the properties of Hsc70 binding to 
substrate and with the appearence of the 500-600 
kDa peak of cap32/34 and Hsc70 in gel filtration 
experiments. Hsc70, acting as a protein chaperone, 
may interact with nascent or incompletely folded 
cap32/34 in vivo and in freshly prepared cell lysates, 
aiding in the assembly or stabilization of the het- 
erodimer. Such transient interactions between Hsc70 
and cap32/34 may be captured by immunoprecipita- 
tion from cell lysates with monoclonal antibodies 
against Hsc70 as observed by [9] or by immuno- 
precipitation from the 500-600 kDa fraction of lysate 
supernatants with polyclonal antibodies as presented 
here. The persistence of transient interactions be- 
tween Hsc70 and cap32/34 may be sufficient to 
account for the copurification of a fraction of these 
proteins with the chaperone function of Hsc70 aiding 
recovery of native cap32/34 in the final copurified 
fractions. The known transient nature of the ATP-de- 
pendent interaction between Hsc70 and its substrate 
proteins is consistent with this possibilty [13,14]. 
Alternatively, a stable interaction between Hsc70 and 
cap32/34 may require the presence of another pro- 
tein that is removed uring the final step of purifica- 
tion or conditions unique to certain compartments of 
the cytoplasm that are disrupted by cell lysis. 
Our results leave the function of cap32/34 during 
the agonist-stimulated polymerization of actin unre- 
solved. In order to account for the abrupt drop in 
capping activity observed in lysate supernatants dur- 
ing the stimulation of actin polymerization [1]), the 
activity of cap32/34 must either be switched off by 
some mechanism not involving Hsc70, or cap32/34 
must be recompartmentalized from the cytosol. Fur- 
ther work will be required to distinguish these possi- 
bilties. 
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